A massive earthquake struck the Niigata Chuetsu-Oki region of Japan on July 16th, 2007, claiming 11 lives and damaging about 1,000 houses. The tremor had a magnitude of 6.8, with data from an accelerograph managed by a nationwide strong-motion observation network known as Kyoshin Net (K-net) showing a maximum value of 680 gal. In the Matsunami district (located on land filled and developed as a residential area from around 1970 onward) about 3 km northeast of Kashiwazaki Station, many houses were damaged due to liquefaction. Field investigation, including a boring survey, surface wave exploration and measurement of differential settlement of houses knocked aslant by soil liquefaction, was conducted to determine the relationship between the extent of damage to houses and the area's geological structure. It was found that most houses severely damaged due to liquefaction were located around the boundary between sand dunes and the local river delta. Additionally, the relationships linking sloping geological structure, the thickness of the liquefaction layer and total/differential settlement of houses were clarified from the results of shaking table model tests conducted in this study.
seen in the Mid Niigata Prefecture Earthquake of 2004 also occurred. This was the second experience of severe earthquake damage in the region within a span of three years. This paper reports on the results of earthquake damage investigation work conducted in the Matsunami district of the region. The relationship between ground conditions and the characteristics of damage to houses was investigated based on the outcomes of surface wave exploration, Swedish weight sounding (SWS) tests, boring investigation involving standard penetration tests (SPT) and measurement of differential settlement in damaged houses. The relationships linking sloping geological structure, the thickness of the liquefaction layer and total/differential settlement of houses were also discussed based on the results of shaking table model tests.
FIELD INVESTIGATION

Overview of geographical conditions in Kashiwazaki City
The Matsunami district sits on land filled for the development of a residential area from around 40 years ago. It is located about 3 km northeast of Kashiwazaki Station on the right bank of the Sabaishi River near its mouth and on the hinterland of the Arahama dunes. According to the terrain classification map for the district (Figure 1 .1 (b)), the northwestern part of Matsunami is classified as sand dunes, and the southeastern part is a natural levee area. Figure 2 .1 shows the distribution of damaged houses in Matsunami based on the emergency risk judgment table for residential structures. Here, yellow areas show a warning level (corresponding to light damage), red areas show a dangerous level (corresponding to severe damage), and the arrows on the houses indicate the direction of inclination resulting from the damage. The stratum boundary in the figure is the border between the sand dune and delta (natural levee) areas based on Figure 1 .1 (b). Table 2 .1 shows the maximum differential settlement and maximum tilt angle of damaged houses as calculated from the foundation height at their corners and the distance between the measurement points. Figure 2 .2 shows the results of analysis on differential settlement and tilt angle by zone.
Overview of damage caused by the earthquake
Damaged houses with red marks are distributed in zones A and B along the stratum boundary, while yellow-marked houses are distributed extensively. The maximum tilt angle observed in most houses was beyond the acceptable limit (4/1000) specified in Recommendations for the Design of Small Building Foundations (2008) . The most severely damaged structures stood on the stratum boundary located in the northern part of Matsunami, where ground cracks were observed (figures 2.3 (a) and (b)). The maximum differential settlement in the area was more than 200 mm (in the location of the shaded houses in Table 2 .1). Signs of liquefaction such as sand boiling were observed in central and eastern areas of the district such as zones C and D (Figure 2.3 (c) ). However, differential settlement of damaged houses in these areas was less prominent than that of structures in the northern area. The reasons for this are highlighted by the results of the ground investigation as outlined below. 
Results of surface wave exploration
To investigate ground conditions, surface wave exploration was conducted on the lines shown in Figure 2 .1, where M-1 and M-2 indicate the north-south line and the east-west line, respectively. SWS
and boring surveys were also executed at the position of the circle in the figure. The results of these tests are shown in Figure 2. 4. The groundwater level in the area was estimated to be about 2 m to 3 m below the ground surface. A slightly loose sand layer with a shear wave velocity of 120 -150 m/s was located below the surface to a depth of 5 m, and a dense sand layer with a shear wave velocity of 150 -200 m/s was present beneath this. The S-velocity distribution corresponded to the specifications of the 1981 geographic map. The worst-hit damage zone was on the stratum boundary between the sand dune and delta areas, and the dense sand layer inclined significantly toward the delta area in the zone. Figure 2 .5 shows the results of simple liquefaction judgment such as FL (factor of liquefaction) and PL (potential liquefaction) values calculated using the shear wave velocity on the M-1 line according to reference literature (Andrus et al., 1999; Japan Road Association; 2002) . These results indicate that the FL value in the delta area with its loose sand layer was less than 1.0, while the corresponding value in the sand dune area with its dense sand layer was over 1.0. The PL value changed rapidly along the stratum boundary between the sand dune and delta areas. This is considered to be why the severest differential settlement of houses around the stratum boundary was seen in the Matsunami district.
The following conclusions were drawn from the investigation in the Matsunami district:
1) The severest damage to houses was seen around the stratum boundary between the sand dune area and the delta of the Sabaishi River.
2) Although signs of liquefaction such as sand boiling were observed in the delta area, the maximum differential settlement and inclination angle of houses were smaller than those around the boundary.
3) This was because the sand dune layer inclined toward the delta, and ground cracks occurred due to lateral flowing of the surface ground.
SHAKING TABLE MODEL TESTS
Physical properties and mechanical characteristics of soil used in the model tests
Material and testing procedure
Kariwa sand samples from Kariwa Village near Kashiwazaki City were used to represent liquefied ground material in the model tests. Tohoku silica sand #6 was also used as non-liquefied ground material. The Kariwa sand was washed and passed through a 2 mm sieve, producing a mass of particles with diameters in the range from 2 mm to 75 m. The physical properties of both sand types are shown in tables 3.1 through 3.3. The maximum and minimum void ratios of both types were measured using the Japanese standard method. Figure 3 .1 shows the grain size accumulation curve for sand samples from Kariwa and Matsunami. As their physical characteristics are similar, Kariwa sand was used to represent liquefied ground material in the tests.
Static and cyclic CU tri-axial tests were carried out to clarify the mechanical characteristics and liquefaction strength of Kariwa sand. Two specimens were created for the tests as follows: (1) an undisturbed specimen sampled from the Inaba district of Kariwa Village using the freezing sampling method, and (2) a reconstituted specimen molded with an initial relative density identical to that of the undisturbed sample (Dr = 40%) made from a sample used in the above tests by pluviating air-dried particles through air. Pluviation apparatus was set up so that while the particles fell into the mold, the sand container was moved upward to maintain a constant drop height between the container and the mold. The specimens were molded into dimensions of 5 cm in diameter 10 cm in height. Tables 3.4 and 3.5 show the static and cyclic CU tri-axial tests, respectively.
The test apparatus consisted of a triaxial cell, cell-pressure and back-pressure control devices, an axial load control device and a data acquisition/recording system to collect data on the axial load, axial displacement and pore water pressure of the specimens and on volume reduction during consolidation (i.e., water drainage from the specimens). After a self-sustaining sample had been obtained by applying a 20 kPa vacuum to the sample interior, a cylindrical chamber and cell cover were set up, and the cell was filled with water. To achieve a high degree of saturation, vacuum conditions were applied to both the cell and the sample interior in such a way that the confining stress was constant (20 kPa) during the process. After the final stage of this process was reached (-80 kPa for cell pressure and -100 kPa for the interior sample), deaerated water was circulated into the specimen for about 2 hours, and the pressure of the sample interior and the cell were returned to -20 kPa and 0 kPa, respectively. The back pressure was then increased gradually to 100 kPa, and pressure of 150 kPa was simultaneously applied to the cell so that the confining stress was held constant at 50 kPa. To ensure specimen saturation, the degree of saturation was evaluated at this stage based on the B-value, defined as the ratio of the pore water pressure increment to the isotropic stress increment under undrained conditions. Using this procedure, the test was continued until the B-value of the specimen was equal to or greater than 0.95. The specimen was consolidated isotropically for 6 hours under a confining pressure of 50 -300 kPa. In order to examine static shear strength and liquefaction strength, static and cyclic tests were performed by applying deviator stress at a loading rate of 0.05 mm/min and uniform sinusoidal cycles of deviator stress at a frequency of 0.01 Hz with a varying cyclic stress ratio under constant cell pressure. Axial loads were measured using a load cell with a capacity of 5 kN installed between the top cap of the pedestal and the piston in the cell, and axial strain was monitored using a displacement transducer outside the cell. The electrical outputs collected from the load cell, the displacement transducer, the pore water pressure transducer and the gap sensor for the measurement of specimen volume reduction during consolidation were amplified and recorded simultaneously using a computer.
Results
Figures 3.2 (a) and (b) show the effective stress paths of the static CU tri-axial tests for both samples.
It can be seen that the angles of shear resistance ' for the undisturbed and reconstituted samples were 35.9 and 34.6 degrees, respectively. These figures indicate typical undrained cyclic behavior of regular loose sand; that is, pore water pressure rises with increasing strain before deviator stress approaches the failure line, and volume expansion is seen after its approach. ) show the effective stress paths of the cyclic CU tri-axial tests for both samples, and illustrate typical undrained cyclic behavior of regular sand; that is, pore water pressure gradually rises with cyclic loading, and shear strain increases dramatically when cyclic loading is generated near 
Overview of the model tests
Based on the above observations in the field, shaking table model tests under 1 G gravity conditions were conducted to investigate the relationships linking sloping geological structure, the thickness of the liquefaction layer and total/differential settlement of houses. Figure 3 .5 shows a sectional side view of the model tests. The soil chamber, which measured 300 mm in length, 1,100 mm in width and 400 mm in depth, had water tanks on its left and right sides to supply the model ground with water. Cushioning material was attached to the sidewall surface in order to reduce the influence of reflected wave during shaking. The specifications of the model ground were based on the results of surface wave exploration conducted at the M-1 line in consideration of the similarity ratio. The thicknesses of the liquefied and non-liquefied layers were 200 mm and 100 mm, respectively, and the angle of the slope was 1:1.5 as shown in Figure 3 .7. The liquefied layer was modeled by pluviating air-dried particles through water using Kariwa sand with a relative density of 40%, and the non-liquefied layer was modeled via the tamping method using Tohoku silica sand #6 with a relative density of 100%.
The positions of the foundation model were varied from [1] to [5] as shown in Figure 3 .5 to survey the influence of liquefied layer thickness imbalance under the foundation. Table 3 .6 shows the test cases, the relative density and the thickness of the liquefied layers unbalanced under the model foundation of each case before shaking. Figure 3 .6 shows the location of measurement sites for variables such as acceleration, displacement and pore water pressure. As input, 40 cycles of an 8 Hz sinusoidal wave with a slope were used. The target acceleration was 250 gal. Considering the similarity ratio, the weights of the 150 mm x 150 mm square foundation model and the ground contact pressure were set to 7.8 x 10 -3 kN and 0.34 kPa, respectively. The data sampling frequency was 1000 Hz. 
Results and discussion
Figure 3.6 shows time histories of the acceleration response, total settlement and differential settlement and the excess pore water pressure ratio for Case A-2, in which the liquefied layer under the model was unbalanced at both edges to represent the conditions of the houses in Zone A of Figure 2 .1. Settlement of the model foundation occurred with an excess pore water pressure ratio (defined as the ratio of excess pore water pressure to initial effective stress) of P-1 and P-2 reaching approximately 1.0. A significant difference in this ratio between PWP-1 and PWP-2 can be seen at the time of settlement. This appears to depend on the boundary condition between the liquefied and non-liquefied layers because no difference in acceleration response between A-2 and A-3 before the time of settlement is observed. Differential settlement arises due to differences in excess pore water pressure, and the phenomenon in Case A-2 can be attributed to such a difference between PWP-1 and PWP-2. Table 3 .7 and Figure 3 .7 show the results of all cases for total/differential settlement, acceleration response and the excess pore water pressure ratio. These outcomes show that the differential settlement observed around the location where the thickness of the liquefaction layer varied drastically was the greatest among all the cases. Conversely, differential settlement at the location where the thickness of the liquefaction layer was uniform was smaller than in the other cases, although the total settlement was greater. The mechanism behind this phenomenon can be explained by the difference in acceleration response and the difference in pore water pressure between the right and left edges of the foundation. This means that the acceleration response tended to become amplified by reflection from the sloping non-liquefied layer, and that a difference in pore water pressure between the right and left edges of the foundation arose due to the constraint conditions seen near the non-liquefied layer.
CONCLUSIONS
In order to evaluate the relationships linking sloping geological structure, the thickness of the liquefaction layer and total/differential settlement of houses, shaking table model tests were performed. The following observations were made: 1. The response acceleration measured on the ground surface in the case with a thin liquefaction layer tended to be amplified regardless of liquefaction conditions. In contrast, the response acceleration observed on the ground surface in the case with a thick liquefaction layer tended to decay over time due to liquefaction. 2. The differential settlement observed around the location where the thickness of the liquefaction layer varied drastically was the greatest among all the cases. Conversely, differential settlement in the location where the thickness of the liquefaction layer was uniform was smaller than in the other cases. 3. The above conclusions based on the test results conform to those drawn from field investigation outcomes. 
